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1 Abstract
Cyclone Amphan, a super cyclone in the Bay of Bengal after 21 years, intensified from
a cyclonic storm (CAT 1) to a super cyclone (CAT 5) in less than 36 hours. It went on
to make landfall over West Bengal as a Very Severe Cyclonic Storm (VSCS) with winds
close to 155 kmph. Here, we analyze the dynamics that led to its rapid intensification,
given that the system struggled to develop initially despite the presence of ripe conditions
like high Sea Surface Temperature (SST) in the Bay. Our analysis clearly reveals that a
strong Convectively Coupled Kelvin Wave (CCKW) from upper troposphere might have
initiated strong instabilities in the tropopause, which then propagated vertically downward
and interacted with surface disturbances to promote convective coupling with the Madden
Julian Oscillations (MJO). Such convective coupling resulted in a burst of westerly winds
along with enhanced vertical mixing and moisture convergence, which eventually led to
the formation and intensification of super cyclone, Amphan.
2 Introduction
Atmosphere and ocean are replete with inertial waves and intra-seasonal oscillations, which
play a very important role in transferring energy and momentum. The Madden Julian
Oscillation (MJO) is the largest intra-seasonal variability, and air-sea interaction is one of
the mechanisms contributing to MJO development and its propagation [2, 3, 4]. During the
active phase of MJO, increased convective activity is observed leading to high cloudiness.
The inertial waves are synoptic scale disturbances that propagate eastward or westward.
The effects of MJO are further amplified by the presence of these inertial waves in the
tropics. The most common waves that are seen near the Equator are the Kelvin wave
and Rossby wave. In particular, Convectively coupled Kelvin waves (CCKWs) are an
integral part of the equatorial dynamics in the atmosphere. The CCKWs are eastward
moving waves on time scales ranging between 10-20 days and aid in the convective activity
[5]. The CCKWs, together with other equatorial eastward and westward disturbances,
connect the large-scale equatorial modes, such as Inter-tropical Convergence Zone (ITCZ)
and MJO. The importance of CCKW was first recognized by [7], who noticed the eastward
moving cloud “superclusters” embedded in the MJO envelope. CCKWs are separated from
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the MJO by their phase speed [9, 10]. While the phase speed of the MJO observed in the
Indian Ocean is about 4–5 ms−1, the phase speeds of convectively coupled Kelvin waves
is ≈ 14 ms−1 for suppressed MJO condition and ≈ 11 ms−1 during the convective phase
of the MJO [8]. A recent field experiment (ASIRI-RAWI) in the Indian Ocean observed
quasi-biweekly westerly wind bursts, which were linked to the upper level Kelvin waves that
breakdown in the upper troposphere due to internal shear instabilities. These instabilities
were found to interact with the surface disturbances to promote convective coupling with
MJO [1].
Here, we probe into the dynamics of Cyclone Amphan primarily looking at the inter-
action between CCKWs and MJO.
3 Formulation
Convectively coupled Kelvin waves (CCKWs) are a component of atmospheric system
that propagate eastward close to the equator. They are an important constituent of the
convective envelope of MJO. It has been postulated that the ocean-atmosphere interactions
within CCKWs may be important for MJO development, which could strongly impact
the tropical climate, in general. In a field study named DYNAMO [6], CCKW events
are strongly controlled by the MJO, with twice as many CCKWs observed during the
convectively active phase of the MJO compared to the suppressed phase. Ocean and
atmosphere coupling was observed during the passage of a CCKW, which lasts ≈ 4-5 days
at any given longitude. Due the the passage of CCKWs, the westerly wind speed and
latent heat flux are enhanced, leading to an enhanced convective phase of MJO.
3.1 Governing equations and Dispersion Relation
The solution for equatorial Kelvin waves can be derived from the linearized Navier Stokes
equations using equatorially centered β plane approximation as described below. Cori-
olis parameter f is approximated as f = βy, where y is the meridional or north-south
coordinate.
∂u
∂t
− βvy = − 1
ρ0
∂p′
∂x
, (1a)
∂v
∂t
+ βuy = − 1
ρ0
∂p′
∂y
, (1b)
∂ρ′
∂t
+ w
dρ0
dz
= −ρ0(∇ · u), (1c)
∂p′
∂t
− ρ0gw = c2s(
∂ρ′
∂t
+ w
dρ0
dz
). (1d)
Equatorial Kelvin waves are eastward propagating waves with only zonal component of
velocity. Assuming wave-like solutions for all quantities i.e ei(kx+ωt), dispersion relation for
equatorially trapped waves can be obtained. Kelvin waves are non-dispersive with zonal
velocity having Gaussian meridional structure. The wave speed for equatorial Kelvin wave
is given by
√
gHe, where g is the acceleration due to gravity and He is the equivalent depth
which depends on the background conditions under which the wave exists. Convectively
Coupled Kelvin Waves (CCKWs) have all the basic features of an equatorial Kelvin wave
in addition to the tight coupling with convection. Typically CCKWs were observed to have
a wave speeds ranging from 10 m/s to 30 m/s resulting in an equivalent depth ranging He
between 10− 100 m.
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4 Result and Analysis
We analyze the dynamics of super cyclone Amphan using the Sea Surface Temperature
(SST), air temperature, wind speed, and velocity potential at 200mb level data sets. Ad-
ditionally, we perform a comparative study of Amphan with other recent cyclones in this
region, namely, cyclone Fani and cyclone Ockhi to reveal the role of CCKWs in Amphan’s
genesis and intensification.
4.1 Super cylcone Amphan
Cyclone Amphan was the first super cyclonic storm to occur in the Bay of Bengal since the
1999 Odisha cyclone. It made landfall as a Very Severe Cyclonic Storm (VSCS) in West
Bengal on May 20, 2020. What made Amphan so deadly was its rapid intensification from
a Cyclonic Storm (CS) to a super cyclone in less than 36 hours. Below, we analyze the
dynamical reasons for such a rapid intensification.
The SST, air temperature at 2m level, and wind speed from buoy BD14 (7N/88E) are
shown in Figure 1a. It is observed that for the month of April and May, the SST main-
tains a very high value of ≈ 31-32 ◦C. Note that, the drop in SST after May 16 at BD14 is
due to the upwelling of cold water to the surface as a result of formation of cyclone Amphan.
Looking at the wind speed in Figure 1a, we see a clear spike in the surface level winds
around May 14. This is a clean signature of Convectively Coupled Kelvin Wave (CCKW)
that made its entry into the East Indian Ocean around the same date. The wind speeds
are ≈ 10-11 ms−1, which is the typical speed of a CCKW in the Indian Ocean. We are
assured that the increase in the wind speed is due to CCKW, since the genesis point of
cyclone Amphan was farther north of the buoy BD14 as shown in Figure 2b. Moreover,
Amphan developed into a depression/cyclone on May 16 and it never crossed or came close
to BD14 buoy. The fact that the winds are seen increasing at BD14 from May 14 is a clear
signature of CCKW.
Hovmuller diagram of velocity potential at 200 hPa averaged between 5◦ S and 5◦ N
is shown in Figure 1b (taken from https://ncics.org/portfolio/monitor/mjo/). Different
contours seen in the plot correspond to MJO, equatorial Rossby waves, Kelvin waves, and
other low frequency components. The algorithm developed by [11] for filtering outgoing
longwave radiation (OLR) in real-time is used to identify the MJO and equatorial waves.
This filtering technique involves FFT analysis of OLR anomaly data with zero-padding
for the specific zonal wavenumbers and frequencies. Typically, filtering in the time period
range of 2.5-20 days, with eastward wave numbers 1-14 is performed to identify CCKWs.
This methodology successfully captures CCKWs in real-time analysis.
The fact that the velocity potential at 200 hPa is negative indicates divergence in the
upper level and convergence in low levels, a signature of deep convection event. Also,
Kelvin waves are active prior to the formation of Amphan (see blue contours in figure
1b). So, the signature of deep convection along with active Kelvin waves as shown in the
Holmuller diagram further confirm the role of CCKWs in the genesis and intensification of
cyclone Amphan.
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(a)
(b)
Figure 1: (a) Daily averaged air temperature, sea surface temperature (SST), and wind
speed near buoy location BD14 (7N/88E) one month prior to the origin of cyclone Am-
phan,(b) Hovmuller diagram of velocity potential at 200 hPa averaged between 5◦ S and
5◦ N.
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(b)
Figure 2: (a) MJO phase plot, (b) path of cyclone Amphan.
The MJO phase plot in Figure 2a shows an increase in the amplitude between May 16
and 18 while straddling between Phases 2 and 3. This spike is due to the interaction of
MJO with the strong CCKW present during this period, which allowed the MJO signal to
amplify (Roundy, 2008).
From this analysis we conclude that the CCKW was the primary reason for the genesis
and rapid intensification of cyclone Amphan. The high SST only played a secondary role,
since the SSTs were high for quite some time (since April 2020 as seen from Fig. 1a), but
the system was struggling to intensify for many days up until the arrival of the CCKW,
which gave the much needed momentum for the system to intensify. In order to further
drive home the point regarding the role of CCKW during Amphan, we compare it with
two other cyclones, namely, Fani and Ockhi.
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4.2 Cyclone Fani
(a)
(b)
Figure 3: (a)Daily averaged air temperature, sea surface temperature (SST), and wind
speed near buoy location BD14 (7N/88E) one month prior to the origin of cyclone Fani
,(b) Hovmuller diagram of velocity potential at 200 hPa averaged between 5◦ S and 5◦ N.
6
(a)
Figure 4: Path of cyclone Fani.
Cyclone Fani was a Extremely Severe Cyclonic Storm (ESCS) to form in the Bay of Bengal,
which went on to make landfall over Odisha on May 3, 2019. This made Fani the most
intense storm to make landfall in Odisha since the 1999 Odisha cyclone. Despite being
a strong system, Fani showed gradual intensification unlike Amphan. Moreover, it never
became a super cyclonic storm, despite the fact that the Bay of Bengal basin had very
high SST during both the cyclones, i.e. higher than normal SST (31-32 C) recorded by
buoy BD14 during April 2019 and May 2020. This shows that the SST alone was not the
driver for Super Cyclone Amphan and indeed it was the CCKW responsible for its rapid
intensification to a Super Cyclone.
From the BD14 buoy data in Figure 3a, it is observed that the wind speeds are much
lower than the typical CCKW speeds of ≈ 11 ms−1 in the Indian Ocean, before the forma-
tion of the cyclone. The wind speed is around 4 ms−1, which is typical during an active
MJO phase. There is an increase in the wind speed around April 28, which is attributed
to the fact that Fani crossed this buoy on that day (see Figure 4). Hence, there was no
CCKW presence during the genesis of Fani. It was fully governed by the air-sea coupling or
strong MJO. This is also confirmed from the velocity potential at 200 mb plot (see Figure
3b).
This comparison shows that the role of CCKW during Amphan cannot be ignored and
this was the reason for Amphan’s rapid intensification and not high SST values.
4.3 Ockhi
In order to drive home the point of CCKW, we undertook another case study, cyclone
Ochki. It was a Very Severe Cyclonic Storm (VSCS) that impacted Peninsular India.
Ockhi garnered so much attention, because of its rapid intensification from a Depression
to Cyclonic Storm.
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Figure 5: (a)Daily averaged air temperature, sea surface temperature (SST), and wind
speed near buoy location AD09 (8N/73E) one month prior to the origin of cyclone Ockhi,(b)
Hovmuller diagram of velocity potential at 200 hPa averaged between 5◦ S and 5◦ N.
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(a)
Figure 6: Path of cyclone Ockhi.
Looking at the buoy data AD09 in the Arabian Sea, we see that the SST is between
29-30 C as shown in Figure 5a. This is higher than the normal SST values observed in
the Arabian Sea during the month of December. The high SST led to air-sea coupling and
resulted in a strong MJO pulse to sustain in the Arabian Sea, which led to intensification
of Ockhi (see Figure 5b, which confirmed MJO pulse).
If we look at the wind speed during Ockhi, it is much lower than the typical CCKW
wind speed of ≈ 11 ms−1 in the Indian Ocean, before the genesis of the cyclone. We see
an increase around November 30, which is again due to the fact that Ockhi crossed AD09
buoy on that day (see Fig. 6). Hence, there was no CCKW present during Ockhi.
From these three case studies, we clearly see that the CCKW played a very vital role
in the rapid intensification of Cyclone Amphan to a super cyclone. This further goes to
show that SST is only one of the factors in cyclone intensification, and probably does not
explain the rapid intensification of cyclones to super cyclones. This dynamical case study
shows the important role of Convectively Coupled Kelvin Waves (CCKW) on genesis of
tropical cyclones, which must be considered while predicting cyclones or for that matter
any tropical system.
5 Conclusion
In this study, we analyzed the dynamics behind super cyclone Amphan, particularly prob-
ing the possible reason for its rapid intensification from a CAT 1 to CAT 5. We document
that a strong Convectively Coupled Kelvin Wave (CCKW) interacted with the MJO, re-
sulting in a momentary strong MJO in the East Indian Ocean basin. The presence of
CCKW lead to a strong westerly burst that acted as a constant source of moisture for this
system. We conclude that high SST was not the primary and sole reason for the genesis
and intensification of Amphan, as has been documented in many media reports. The role
of the strong CCKW could not be ignored and CCKW was the primary reason for Amphan
becoming a super cyclone in a record time of less than 36 hours. Our study emphasizes
the role of inertial waves in tropical cyclones and other tropical synoptic weather systems.
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